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SUMMARY 
Development of probabilistic structural analysis methodology for hot 
engine structures i s  a major activity at NASA Lewis Research Center. 
sists of three program elements: ( 1 )  composite load spectra methods, ( 2 )  prob- 
abilistic structural analysis methods, and ( 3 )  probabilistic analysis and 
m structural reliability application. Recent progress includes: (1) quantifica- 
03 e tion of the effects of uncertainties for several variables on high pressure 
W I fuel turbopump (HPFT) turbine blade temperature, pressure, and torque o f  the 
space shuttle main engine ( S S M E ) ,  ( 2 )  the evaluation of the cumulative distri- 
bution function for various structural response variables based on assumed 
uncertainties in primitive structural variables, and ( 3 )  evaluation of the 
failure probability. Collectively, the results demonstrate that the structural 
durability of hot engine structural components can be effectively evaluated in 
a formal p r o b a b i l i s t i c l r e l i a b i l i t y  framework. 
It con- 
INTRODUCTION 
It is becoming increasingly evident that deter-ministic structural analysis 
methods will not be sufficient to properly design critical components in hot 
engine structures. These structural components are subjected to a variety of 
complex, and severe cyclic loading conditions including high temperatures and 
high temperature gradients. Most of these are quantifiable only as best engi- 
neering estimates. These complex loading conditions subject the material to 
coupled nonlinear behavior which depends on stress, temperature, and time. 
Coupled nonlinear material behavior is nonuniform, is very difficult to deter- 
mine experimentally, and perhaps impossible to describe deterministically. In 
addition, hot rotating structural components a r e  relatively small. F a b r i c a t i o n  
tolerances on these components, which in essence are small thickness varia- 
tions, can have significant effects on the component structural response. Fab- 
rication tolerances by their very nature are statistical. Furthermore the 
attachment of components in the structural system generally differs by some 
indeterminant degree from that assumed for designing the component. In sum- 
mary, all four fundamental aspects: ( 1 )  loading conditions, ( 2 )  material 
behavior, ( 3 )  geometric configuration, and ( 4 )  supports - on which structural 
analyses are based, are of a random nature. The direct way to formally 
account for all these uncertain aspects is to develop probabilistic structural 
analysis methods where all participating variables are described by appropri- 
ate probability functions. 
NASA Lewis Research Center is currently developing probabilistic struc- 
tural analysis methods for select engine structural components (fig. 1 ) .  
Briefly, the deterministic, three-dimensional, inelastic analysis methodology 
developed under the Hot Section Technology (HOST) and Research and Technology 
Base Programs is being augmented to accommodate the complex probabilistic 
loading spectra, the thermoviscoplastic material behavior, and the materia 
degradation associated with the environment of aerospace propulsion system 
structural components. The goal of the methodology is to address the prob 
depicted schematically in figure 2. 
The development of probabilistic structural analysis methodology cons 
em 
sts 
of the following program.elements (ref. 1): (1) composite load spectra models, 
( 2 )  computational probabilistic structural analysis methods, and (3) probabil- 
istic analysis and structural reliability application. The development o f  the 
probabilistic structural analysis methodology is a joint program of NASA Lewis 
in-house and sponsored research. The objective of the proposed paper is to 
illustrate recent progress on the application of this methodology to determine 
the reliability of turbine blade components of rocket propulsion systems. 
progress o f  specific elements of the program are described in papers presented 
i n  several recent conferences (refs. 2 to 8 ) .  Recent activities have focused 
on extending the methods to include the combined uncertainties in several fac- 
tors on the structural response (fig. 3 ) .  The objective of the present paper 
is to briefly describe recent progress in three program elements: composite 
load spectra models, probabilistic finite element structural analysis, and 
probabilistic strength degradation modeling. Progress is described in terms 
of fundamental concepts, computer code development, and representative numeri- 
cal results. 
Past 
COMPOSITE LOAD SPECTRA 
The fundamental assumption for developing composite load spectra is that 
each individual load condition is the probabilistic time synthesis of four 
primitive parts: ( 1 )  steady state, ( 2 )  periodic, ( 3 )  random, and ( 4 )  spike. 
Each of these parts, except random, is described by a deterministic portion 
and a probabilistic perturbation about this deterministic portion as depicted 
schematically in figure 4. One justification for describing each loading 
condition in terms of primitive parts is that experts, over the years, have 
developed good judgments of the ranges of the perturbations about nominal 
(deterministic) conditions. The objective of the Composite Load Spectra pro- 
gram is to formalize the fundamental assumption in a computer code using: ( 1 )  
available data from various rocket engines, ( 2 )  probability theory, and ( 3 )  a 
dedicated expert system. 
A schematic diagram o f  the composite load spectra (CLS) computer code is 
shown in figure 5. 
different engir;e factors on the SSME high pressure fuel turbopump turbine 
blade are Snown in figures 6 and 7. Figure 6 depicts the nominal tempera- 
tures, while figure 7 indicates the temperature changes due to hot gas seal 
geometry and respective perturbations indicated in the figure caption. for 
example, the greatest temperature change due to gas seal geometry (fig. 7 )  is 
53.3 " F .  The combined contributions of this and other factors (not shown 
here) is 87.6 "F dhich is in addition to the greatest nominal temperature of 
;860 O F .  
this is not the case, because at these levels, small temperature changes have 
dramatic effects on durability and cooling requirements. 
Representative results obtained for the perturbations of 
Although at first glance a change of 87.6 " F  may seem insignificant, 
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Ano the r  r e p r e s e n t a t i v e  example i s  shown i n  f i g u r e  8 ,  where t h e  e f f e c t  o f  
comparable f a c t o r s  on t h e  t o r q u e  o f  t h e  h i g h  p r e s s u r e  o x i d i z e r  turbopump 
(HPOTP) a r e  p l o t t e d  as a f u n c t i o n  o f  t i m e ,  f o r  t h e  s t a r t - u p  p o r t i o n  o f  a m i s -  
s i o n  c y c l e .  
S i m i l a r  p l o t s  can be o b t a i n e d  f o r  p ressu res  or any o t h e r  l o a d i n g  c o n d i t i o n  
( r e f .  5 ) .  
d i f f e r e n t  f a c t o r s  f o r  each d i f f e r e n t  l o a d  c o n d i t i o n .  
These bounds a r e  s u b s t a n t i a l l y  w i d e r  a t  some t i m e s  t h e n  a t  o t h e r s .  
The c u r r e n t  CLS code p e r m i t s  t h e  s imu l taneous  p e r t u r b a t i o n  o f  47 
PROBABILISTIC F I N I T E  ELEMEN; STRUCTURAL ANALYSIS 
The fundamenta l  assumpt ion  fo r  d e v e l o p i n g  p r o b a b i l i s t i c  f i n i t e  e lement  
s t r u c t u r a l  a n a l y s i s  (PFEM) i s  t h a t  t h e  u n c e r t a i n t i e s  i n  each p r i m i t i v e  s t r u c -  
t u r a l  v a r i a b l e  can be r e p r e s e n t e d  by an assumed p r o b a b i l i s t i c  d i s t r i b u t i o n .  
P r i m i t i v e  s t r u c t u r a l  v a r i a b l e s  a r e  those wh ich  a r e  used t o  d e s c r i b e  a s t r u c -  
t u r e  such as :  ( 1 )  s t i f f n e s s ,  ( 2 )  s t r e n g t h ,  ( 3 )  t h i c k n e s s  and t o l e r a n c e ,  ( 4 )  
s p a t i a l  l o c a t i o n ,  ( 5 )  a t tachmen t ,  and ( 6 )  v a r i o u s  n o n l i n e a r  dependencies ( t e m -  
p e r a t u r e ,  s t r e s s ,  t i m e ,  e t c . ) .  A schemat ic  o f  t h e  p r o b a b i l i s t i c  d i s t r i b u t i o n s  
f o r  some p r i m i t i v e  v a r i a b l e s  i s  shown i n  f i g u r e  9 .  Subsequen t l y ,  t h e  unce r -  
t a i n t i e s  i n  t h e  l o a d  c o n d i t i o n s  ( d e s c r i b e d  by t h e  compos i te  l o a d  s p e c t r a )  and 
t h e  u n c e r t a i n t i e s  i n  t h e  p r i m i t i v e  s t r u c t u r a l  v a r i a b l e s  a r e  c o m p u t a t i o n a l l y  
s i m u l a t e d  by  p e r f o r m i n g  p r o b a b i l i s t i c  s t r u c t u r a l  ana lyses  t o  d e t e r m i n e  t h e  r a n -  
dom s t r u c t u r a l  response o f  a s p e c i f i c  SSME s t r u c t u r a l  component. The s t r u c -  
t u r a l  response i s  g e n e r a l l y  d e s c r i b e d  i n  t e r m s  o f  usua l  q u a n t i t i e s  such as 
d i s p l a c e m e n t ,  f r e q u e n c i e s ,  buck1 i n g  l o a d s ,  and s t r u c t u r a l  f r a c t u r e  toughness .  
The i n t e g r a t i o n  i s  i l l u s t r a t e d  i n  f i g u r e  10. 
I t  i s  i n s t r u c t i v e  t o  compare component development  by t h e  t r a d i t i o n a l  
e n g i n e e r i n g  approach and component e v a l u a t i o n  u s i n g  PFEM. 
summarized i n  t a b l e  I. The former approach r e l i e s  on p h y s i c a l  exper imen ts  for  
q u a n t i f i c a t i o n  and r e q u i r e s  t h a t  t h e  m a t e r i a l ,  f a b r i c a t i o n  p r o c e s s ,  and t e s t  
methods be a v a i l a b l e .  The l a t t e r  approach i s  e n t i r e l y  c o m p u t a t i o n a l  and 
r e q u i r e s  t h e  i n t e g r a t i o n  o f  a v a i l a b l e  s t r u c t u r a l  a n a l y s i s  methods w i t h  a v a i l -  
a b l e  p r o b a b i l i t y  t h e o r y .  The fo rmer  approach has t h e  advantage o f  demons t ra t -  
i n g  a s p e c i f i c  t e c h n o l o g y  w h i l e  t h e  l a t t e r  has t h e  advantage of a s s e s s i n g  
undeve loped,  b u t  w i t h  h i g h  payof f  p o t e n t i a l ,  c a n d i d a t e  t e c h n o l o g i e s .  I n  a d d i -  
t i o n ,  t h e  former approach r e q u i r e s  a l a r g e  number o f  exper imen ts  t o  v e r i f y  a 
d e s i g n ,  w h i l e  i n  t h e  l a t t e r  a d e s i g n  can be v e r i f i e d  w i t h  s t r a t e g i c a l l y  
s e l e c t e d  f e w  e x p e r i m e n t s .  
The p a r a l l e l i s m  i s  
PFEM has been f o r m a l i z e d  and i n t e g r a t e d  i n t o  a computer  code i d e n t i f i e d  
as numer i ca l  e v a l u a t i o n  o f  s t o c h a s t i c  s t r u c t u r e s  under  s t r e s s  (NESSUS). A 
schemat ic  d iag ram o f  NESSUS i s  shown i n  f i g u r e  1 1 .  The u s e r  i n t e r a c t s  w i t h  
NESSUS t h r o u g h  a d e d i c a t e d  e x p e r t  sys tem s c h e m a t i c a l l y  shown i n  f i g u r e  12 
( r e f .  8). R e p r e s e n t a t i v e  r e s u l t s  o b t a i n e d  u s i n g  NESSUS a r e  shown i n  f i g u r e  13. 
The d i s t r i b u t i o n s  assumed fo r  t h e  p r i m i t i v e  v a r i a b l e s  a r e  l i s t e d  i n  t h e  t a b l e  
i n  f i g u r e  13. Bo th  t h e  i n d i v i d u a l  and t h e  combined e f f e c t s  o f  t h e  p r i m i t i v e  
v a r i a b l e  u n c e r t a i n t i e s  on  t h e  combined s t r e s s  (Von M i s e s )  a r e  shown i n  f i g -  
u r e  13 i n  te rms o f  c u m u l a t i v e  d i s t r i b u t i o n  f u n c t i o n s  (CDF). The i n f o r m a t i o n  
genera ted  d u r i n g  t h e  PFEM can be used t o  e s t a b l i s h  t h e  c o n f i d e n c e  l e v e l .  A 
sample r e s u l t  i s  shown i n  f i g u r e  14 f o r  one b l a d e  l o c a t i o n .  
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The cu rves  i n  f i g u r e  14 can be used i n  a number o f  ways such as :  ( 1 )  a l l  
t h e  b l a d e s  t e s t e d  i n  t h e  assumed c o n d i t i o n s  w i l l  have a mean combined s t r e s s  
between 57 .9  and 62.1 ks i  90 p e r c e n t  o f  t h e  t i m e  and ( 2 )  t h e  combined s t r e s s  
i n  a l l  t h e  b l a d e s  t e s t e d  (under  t h e  assumed c o n d i t i o n s )  w i l l  range from 42 t o  
83 k s i .  T h i s  i n d i c a t e s  t h a t  a w ide  s c a t t e r  i n  t h e  combined s t r e s s  i s  proba-  
b l e .  Two i m p l i c a t i o n s  t h a t  fo l low a r e :  ( 1 )  a s s e s s i n g  t h e  d u r a b i l i t y l l i f e  o f  
t h e  b l a d e s  u s i n g  o n l y  m a t e r i a l  u n c e r t a i n t i e s  w i l l  n o t  be s u f f i c i e n t ,  and ( 2 )  
o b t a i n i n g  w ide  s c a t t e r  i n  measured s t r e s s / s t r a i n  magn i tudes  does n o t  neces- 
s a r i l y  i n d i c a t e  t e s t  p rocedure  d i f f i c u l t i e s .  
A l l  t h e  NESSUS r e s u l t s  p r e s e n t e d  h e r e i n  were o b t a i n e d  u s i n g  abou t  1000 
p e r t u r b a t i o n s  f o r  each case s t u d i e d .  These p e r t u r b a t i o n s  a r e  r e l a t i v e l y  sma l l  
i n  number compared t o  d i r e c t  Monte C a r l o  s i m u l a t i o n  wh ich  w i l l  n o r m a l l y  r e q u i r e  
20 000 and g r e a t e r  s i m u l a t i o n s  to  genera te  t h e  same cu rves  ( r e f s .  6 and 7 ) .  
The reduced ( b u t  w i t h  comparable accu racy )  number o f  s i m u l a t i o n s  i s  a r e s u l t  
o f  a NESSUS f e a t u r e  wh ich  u t i l i z e s  t h e  f a s t  p r o b a b i l i t y  i n t e g r a t i o n  method 
( r e f .  6) t o  s e l e c t  subsequent  p e r t u r b a t i o n s  i n  a s e l f - a d a p t i v e  manner. 
PROBABILISTIC ANALYSIS FOR STRENGTH DEGRADATION 
The fundamenta l  assumpt ion  f o r  d e v e l o p i n g  p r o b a b i l i s t i c  a n a l y s i s  methods 
f o r  s t r e n g t h  d e g r a d a t i o n  i s  t h a t  t h e  u n c e r t a i n t i e s  i n  t h e  p r i m i t i v e  v a r i a b l e s  
a f f e c t i n g  s t r e n g t h  can be d e s c r i b e d  by  assumed d i s t r i b u t i o n s .  Two d i f f e r e n t  
models a r e  s e l e c t e d  to  demons t ra te  t h e  concep t .  The models exp ress  t h e  number 
o f  mechan ica l  l o a d  c y c l e s  t o  f a i l u r e .  One o f  t h e  models i s  based on  l i n e a r  
e l a s t i c  f r a c t u r e  mechanics and t h e  o t h e r  on  a s t r e n g t h  d e g r a d a t i o n  model 
r e c e n t l y  s t u d i e d  a t  NASA Lewis ( r e f .  9 ) .  The models w i t h  t h e i r  r e s p e c t i v e  
p r i m i t i v e  v a r i a b l e s  a r e  summarized i n  t a b l e  11. 
B o t h  o f  these  models a r e  used to  p r e d i c t  t h e  number o f  c y c l e s  t o  f a i l u r e  
i n  a m a t e r i a l  t y p i c a l  f o r  SSME components. The i n p u t  f o r  t h e  f r a c t u r e  mechan- 
i c s  model i s  summarized i n  t a b l e  111. The CDF o b t a i n e d  from t h i s  i n p u t  i s  
shown i n  f i g u r e  15. The i n p u t  fo r  t h e  s t r e n g t h  d e g r a d a t i o n  model i s  summa- 
r i z e d  i n  t a b l e  I V  and t h e  c o r r e s p o n d i n g  CDF i s  shown i n  f i g u r e  16.  Bo th  C D F ’ s  
e x h i b i t  w ide  ranges  f o r  t h e  p r o b a b l e  number o f  c y c l e s  to  f a i l u r e .  The l i n e a r  
f r a c t u r e  mechanics model shows a mean o f  10 000 c y c l e s  w h i l e  t h e  s t r e n g t h  
d e g r a d a t i o n  model shows a mean o f  10 m i l l i o n  c y c l e s .  Based on  t h i s  compar ison 
t h e  l i n e a r  f r a c t u r e  mechanics model p e n a l i z e s  t h e  m a t e r i a l  by  t h r e e  decades. 
I t  i s  i m p o r t a n t  t o  n o t e  t h e  d i f f e r e n c e s  between t h e  two mode ls :  ( 1 )  t h e  l i n e a r  
f r a c t u r e  mechanics model assumes t h e  e x i s t e n c e  o f  a c r a c k - l i k e  d e f e c t  and then  
e v a l u a t e s  t h e  number o f  c y c l e s  r e q u i r e d  t o  grow t h i s  d e f e c t  to a c r i t i c a l  s i z e  
f o r  imminent  r a p i d  p r o p a g a t i o n  t o  f r a c t u r e ;  ( 2 )  t h e  s t r e n g t h  d e g r a d a t i o n  model 
does n o t  presume t h e  e x i s t e n c e  o f  d e f e c t s  and, t h e r e f o r e ,  i n c l u d e s  b o t h  d e f e c t  
i n i t i a t i o n  and p r o p a g a t i o n  r e s u l t i n g  i n  g r e a t e r  number o f  c y c l e s ;  ( 3 )  t h e  l i n -  
e a r  f r a c t u r e  mechanics model has f i v e  p r i m i t i v e  v a r i a b l e s  w h i l e  t h e  s t r e n g t h  
d e g r a d a t i o n  model has 13 (assuming t h a t  t h e  g r e a t e r  t h e  number of p r i m i t i v e  
v a r i a b l e s  i n  t h e  model t h e  more i n c l u s i v e  t h e  r e p r e s e n t a t i o n  o f  t h e  p h y s i c s  i n  
t h e  model,  t h e n  t h e  s t r e n g t h  d e g r a d a t i o n  model w i l l  be more a c c u r a t e ) ;  and 
( 4 )  The l i n e a r  f r a c t u r e  mechanics model r e q u i r e s  d e t e r m i n a t i o n  o f  c ,  m, and 
a i  by  s p e c i a l i z e d  and o f t e n  complex t e s t  methods w h i l e  t h e  s t r e n g t h  degrada- 
t i o n  model uses a v a i l a b l e  room tempera tu re  m a t e r i a l  p r o p e r t i e s .  The computer 
code t o  p e r f o r m  b o t h  o f  these  s i m u l a t i o n s  i s  d e s c r i b e d  i n  r e f e r e n c e  9. 
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CONCLUSIONS 
The development or  p r o b a b i l i s t i c  s t r u c t u r a l  a n a l y s i s  methods f o r  h o t  
eng ine  s t r u c t u r e s  c o n t i n u e s .  Recent  p r o g r e s s  on  i t s  a p p l i c a t i o n  t o  s e l e c t  
SSME components i n c l u d e s :  ( 1 )  t h e  e f f e c t s  o f  t h e  u n c e r t a i n t i e s  o f  s e v e r a l  fac-  
t o r s  o n  b l a d e  tempera tu res ,  p r e s s u r e s ,  and t o r q u e ,  ( 2 )  t h e  e v a l u a t i o n  of t h e  
c u m u l a t i v e  d i s t r i b u t i o n  f u n c t i o n  o f  s t r u c t u r a l  response v a r i a b l e s  based on  
assumed u n c e r t a i n t i e s  i n  t h e  s t r u c t u r a l  p r i m i t i v e  v a r i a b l e s ,  ( 3 )  e v a l u a t i o n  of 
f a i l u r e  p r o b a b i l i t y ,  and ( 4 )  l i f e  assessment i n  terms o f  c u m u l a t i v e  d i s t r i b u -  
t i o n  f u n c t i o n  u s i n g  l i n e a r  f r a c t u r e  mechanics and s t r e n g t h  d e g r a d a t i o n  models .  
Three d i f f e r e n t  computer  codes a r e  b e i n g  deve loped i n  p a r a l l e l :  ( 1 )  Composi te  
Load S p e c t r a  (CLS) f o r  t h e  p r o b a b i l i s t i c  d e s c r i p t i o n  o f  SSME component l o a d s ,  
( 2 )  NESSUS, f o r  t h e  p r o b a b i l i s t i c  s t r u c t u r a l  a n a l y s i s  o f  s e l e c t  SSME s t r u c t u r a l  
components, and ( 3 )  a l i f e  d u r a b i l i t y  code f o r  t h e  assessment o f  t h e  f a t i g u e  
c y c l e s  t o  f a i l u r e  o f  s t r u c t u r a l  components i n  SSME m i s s i o n  env i ronmen ts .  Col- 
l e c t i v e l y ,  t h e  r e s u l t s  o b t a i n e d  t o  d a t e  demons t ra te  t h a t  t h e  s t r u c t u r a l  dura-  
b i l i t y  of SSME c r i t i c a l  components can be e v a l u a t e d  u s i n g  t h e  p r o b a b i l i s t i c  
methodo logy  under  deve lopment .  
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TABLE 111. - PRIMITIVE VARIABLE DISTRIBUTIONS FOR THE FATIGUE CRACK GROWTH MODEL 
L 
V a r i  ab1 e 
M a t e r i a l  p r o p e r t y ,  C 
M a t e r i  a1 p r o p e r t y ,  M 
A1 t e r n a t i  ng r a n g e  
I n i t i a l  c r a c k  s i z e ,  aI  
F i n a l  c r a c k  s i z e ,  aF 
Component/crack shape 
s t r e s s ,  ha 
parameter ,  Y 
V a r i  ab1 e t y p e  
Random 
Random 
Random 
Random 
Determi  n i s t i c 
D e t e r m i n i s t i c  
D i  s t r i  bu- 
t i o n  t y p e  
Lognormal 
No rnial 
Lognormal 
Log n o rina 1 
N/A 
N /A 
Mean 
8 . 6 6 ~ 1 0 - ~ '  i n .  / c y c l  e 
6 . 4 8 ~ 1 0 ~ '  i
c y c l e / k s i  i n .  ? 7 i  
90 k s i  
1 1 8 ~ 1 0 - ~  i n .  
7 . 8 7 ~ 1 0 - ~  i n .  
1 . o  
Standard d e v i a t i o n  
0 . 8 6 6 ~ 1 0 - ~ ~  ( 1 0  p e r c e n t )  
3 . 2 4 ~ 1 0 - ~  ( 5  p e r c e n t )  
9 ( 1 0  p e r c e n t )  
1 7 . 7 ~ 1 0 - ~  ( 1 5  p e r c e n t )  
N/A 
N/A 
TABLE I V .  - P R I M I T I V E  VARIABLE DISTRIBUTIONS FOR THE STRENGTH REDUCTION MODEL 
I V a r i a b l e  
M e l t i n g  tempera tu re ,  T F  
U l t i m a t e  t e n s i l e  s t r e n g t h ,  SF  
Log o t  f i n a l  c y c l e ,  NMF 
Re fe rence  tempera tu re ,  TO 
Res idua l  compress ive s t r e s s ,  00  
Log o f  r e f e r e n c e  c y c l e ,  N 
Re fe rence  f a t i g u e  s t r e n g t r :  SO 
C u r r e n t  t empera tu re ,  T 
C u r r e n t  mean s t r e s s ,  a 
C u r r e n t  f a t i g u e  s t r e n g t h ,  S 
Temperature exponent ,  N 
S t r e s s  exponent ,  M 
C y c l e  exponent .  Q 
Normal 
Lognormal 
Log normal 
Normal 
L ogn o rma 1 
Lognormal 
Lognormal 
Normal 
Lognormal 
Log normal 
Normal 
r lormal 
tlo rma 1 
2732 O F  
130 k s i  
68 O F  
- 2 .9  k s i  
7 
7 2 . 6  k s i  
1562 O F  
21.8 k s i  
36.3 k s i  
0 .5  
0 .5  
0 . 5  
a 
Standard  d e v i a t i o n  
I 82.0 ( 3  p e r c e n t )  6 .5  15 p e r c e n t )  
.8 ( 1 0  p e r c e n t )  
2 .0  ( 3  p e r c e n t )  
-0.145 ( 5  p e r c e n t )  
0 .7  ( 1 0  p e r c e n t )  
3.6 ( 5  p e r c e n t )  
46.7 ( 3  p e r c e n t )  
1 . 1  ( 5  p e r c e n t )  
1.8 ( 5  p e r c e n t )  
0 .15 ( 3  p e r c e n t )  
0 .15 (3 p e r c e n t )  
0 .  I 5  i 7 p e r c e n t )  
7 
HIGH PRESSURE TURBOPUMP BLADE 
LOX POSTS 
MAIN COMBUSTION CHAMBER 
FIGURE 1. - SELECT SSME COMPONENTS 
INCLUDED I N  THE PROBABLILISTIC 
STRUCTURAL ANALYSIS METHODS 
DEVELOPMENT PROGRAM. 
ORIGINAL PAGE 
BLACK AIL'D WHITE PHCTOQRAPH 
a 
PROBLEM: CONFIDENCE 
PROB [ 0 DIFFICULT ANALYSIS P R 0 B L E M NATURAL FREQUENCY < OF BLADE, 0 
VAR I ABLES 
0 GEOMETRY 
0 STIFFNESS CDF 
MASS OF 0 
0 APPROXIMATE METHOD 
DEFINED 
7) I' 
1 '1 0 GIVES INTERVAL ESTIMATES 
0 USES NESSUS DATA BASE 90% CONFIDENCE BOUNDS 
ANSWER - PROBABILITY 
- VARIABILITY 
ESTIMATE 
I 
0 
/' 
FIGURE 2. - PROBABILISTIC STRUCTURAL ANALYSIS DEFINITION, 
PLANNED ACCWLISHRENT STATUS 
DEVELOP PROBABILISTIC STRUCTURAL 0 FORMULATED PROBABILISTIC F I N I T E  
ANALYSIS RETHODS/CWUTER CODES ELEMENT METHODS 
0 DEVELOPED SECOND GENERATION FOR QUANTIFYING THE INDIVIDUAL 
COMPUTER CODE - OPERATIONAL AT 
LEWIS. UNCERTAINTIES INCLUDED: 
AND COMBINED EFFECTS OF UNCER- 
TAlNTlES ON THE STRUCTURAL DUR- 
- LOADS A B I L I T Y  OF S W  COMPONENTS 
- GEOMETRY 
- MATERIAL 
- SPATIAL POSITION 
- ATTACHMENT 
COMBINED PROBABILITY OF OCCURRENCE 
SIGNIFICANCE 
THE COMBINED PROBABILITY OF MAG- 
NITUDE OF STRUCTURAL DURABILITY 
VARIABLES CAN BE DETERMINED 
20 40 60 80 100 
BLADE STRESS, KSI  
FIGURE 3.  - PROBABILISTIC STRUCTURAL ANALYSIS METHODS (PSAM). 
9 
r- r- 
EXPERT 
SYSTEM 
a 
c z STEADY STATE PERIODIC 
u 
r 
0 SOPHISTICATED PROBABILISTIC METHODS 
DISCRETE PROBABILITY DISTRIBUTION 
MONTE CARLO 
BARRIER CROSSING 
DRIVER (USER 
INTERFACE 
MODULE) 
- DATA 
BASE 
RULE - 
BASE 
TIME CD-88-3216J 
FIGURE 4. - EACH LOAD CONDITION IS THE PROBABILISTIC TIME 
SYNTHESIS OF FOUR PRIMITIVE PARTS: COMPOSITE LOAD SPECTRA. 
COMPOS I TE 
OUTPUT LOAD 
SPECTRA 
COMPOSITE LOAD SPECTRA EXPERT SYSTEM LOAD EXPERT SYSTEM DESIGN PHILOSOPHY 
SCALING COEFFICIENTS 
NOMINAL ENGINE COEFFICIENTS 
DUTY CYCLE LOAD PROFILES 
ENGINE CONFIGURATION AND GEOMETRY DATA 
REQUIREMENT 
I RULE-BASE PRODUCTION SYSTEM 
IF-THEN RULES 
SIMPLE INFERENCE SCHEME 
10 
1468. 
1368. 
1260. 
1168. 
1868. 
1885. 
980. 
888. 
781. 
680. 
588. 
X 
SEERDY STRTE TEPPERRTCRE 3 9 9 . H  
8 
FIGURE 6.  - COMPOSITE LOAD SPECTRA PREDICTED STEADY STATE TEMPERA- 
TURE. 
X - . 0 2 0 7 1  
IEWEPLITURE PERTUPB9iIO% C z i T l  ?LE i 3  HOT 3GS 
M L T R  TEW5RRTJRES 
ONE STUNGRRO DEUIRTiON OF ,860 P 
FIGURE 7 .  - TEMPERATURE PERTURBATION DATA DUE TO HOT GAS SEAL 
GEOMETRY DELTA TEMPERATURES. ONE STANDARD DEVIATION. 
11 
v) P 
L 
4 v)
s c 
W 
W 
a 
8 
1 .o 
.8 
.6 
0 R A N  
.4 
.2 
0 1 2 3 4 5 
TIME. SEC 
FIGURE 8. - TRANSIENT MODEL HPOTP TORQUE. 
Y V z 
Y 
E 
E 
3 
0 
U 0
Y 0
A STIFFNESS 
ILL SPATIAL LOCATION 
STRENGTH TOLERANCE ar/\ ATTACHMENT TEMPERATURE DEPENDENC  
MAGNITUDE 
CD-BB-32181 
FIGURE 9. - PROBABILISTIC STRUCTURAL ANALYSIS: THE UNCER- 
TAINTIES I N  EACH STRUCTURAL PRIMITIVE VARIABLE CAN BE 
DESCRIBED BY ASSUPIED CORRESPONDING PROBABILISTIC DIS- 
TRIBUTIONS. 
LOCAL: AT EACH REGIDN BOUNDED BY NODAL LINES 
Mil = I v h l ' I D l h l d v  
C I ~ =  I v t ~ ~ l ~ t f l t ~ l t ~ c l d v  
Kil= i v t ~ d T t D 1 t B l d v  
THE UNCERTAINTIES IN THE STRUCTURAL 
RESPONSE VARIABLES (u, W, u, 6 ,  G) ARE 
DETERMINED FROM THE RESULTS OF THE 
MULTIPLE FINITE ELEMENT ANALYSES CD-UU-32187 
FIGURE 10. - UNCERTAINTIES I N  THE LOAD CONDITIONS AND STRUCTURAL 
PRIMITIVE VARIABLES ARE INTEGRATED BY PERFORMING MULTIPLE FINITE 
ELEKNT ANALYSES. 
12 
FIN ITE ELEMENT LIBRARY PERTURBAT ION VARIABLES : DATA FLOW THROUGH THE 
MAIN PROCESSORS I N  NESSUS 
DATABASE 
PERTURBATION PROCESSOR 
! 
( 1 )  TOPOLOGY 
NODAL COORDINATES 
NODAL SHELL THICKNESS 
NODAL SHELL OR BEAM NORMALS PLANE STRESS PLANE STRAIN AXISYWTRIC 
( I  I ) GEONETRIC PROPERN 
THICKNESS OF PLAIN STRESS 
ELEMENTS 
3D BRICK 3D SHELL LINEAR BEAM ELASTIC BEAM SECTION PROPERTIES 
e 
e 
e 
(111)  MATERIAL PROPERTY 
ELASTICITY MODULUS ALL ELEMENTS INTEGRATED NUMERICALLY 
LINEAR LAGRANGIAN INTERPOLATING POISSON'S RATIO 
SELECTIVELY REDUCED INTEGRATION MATERIAL DENSITY 
( I V )  BOUNDARY CONDITIONS 
FUNCTIONS THERMAL EXPANSION COEFFICIENl 
BASE SPRING STIFFNESSES 
(V) LOADS 
FAST PROBABILITY 
INTEGRATION PROCESSOR 
PROBABILITY DENSITY 
AND CUMULATIVE 
NODAL FORCE VECTORS 
ELEENT PRESSURES AND EDGE 
NODAL TEMPERATURES 
TRACTIONS 
FIGURE 11. - PROBABILISTIC FINITE ELEMENT COMPUTER CODE NESSUS. 
FIGURE 12. - NESSUS DEDICATED EXPERT SYSTEM. 
13 
RANDOM VARIABLE DISTRIBUTION TABLE 
YX SSME 
BLADE 
- 
:ASE 
- 
1 
2 
3 
4 
5 
6 
7 
8 
9 
RANDOM 
VARIABLE, 
RV 
X - COOR (N)b 
Y - COOR (N) 
2 - COOR (N) 
T - TEMP (N) 
E - YOUNG'S 
NODULUS (N) 
L - LATERAL 
PRESSURE (N) 
F - CONC. 
LOAD (N) 
R - ROTATION 
SPEED (N) 
C - COMBINE 
aCOV OF RV 
0.005 (STDJ 
,005 (STD) 
.005 (STD) 
60 OF (STD) 
0.10 
0.20 
0.20 
0.02 
CDF OF VON MISES STRESS DUE TO SINGLE/ 
CWINED RANDOM VARIABLE PERTURBATION 
2 COORDINATE 
B V ':ZF 1 , 
E o  
6 
L 
? Y COORDINATE 
- 
PI E O  "L 
a 
X COORDINATE 5 1.0 
V 
0 60 120 
LATERAL 
PRESSURE 
EL 
EL 
0 EL60 120 
YOUNG'S 
MODULUS 
TEMPERATURE 
ROTATION 
SPEED 
EL 
ti 
0 EL 60 120 
CONCENTRATED 
COMBINED CASE 
COMBINED STRESS AT ROOT. KSI 
aCOV: COEFFICIENT OF VARIATION (STD/MEAN) 
h N )  NORMAL DISTRIBUTION 
%TD: STANDARD DEVIATION 
FIGURE 13. - PROBABILISTIC STRUCTURAL ANALYSIS USING NESSUS. 
1 .o 
L 
I- 
E: .5 
E! 
2 
a 
Dz I-
0 
40 000 62 500 85 OOO 
COMB I NED STRESS 
FIGURE 14. - 90% CONFIDENCE BOUND RESULT FROM 
UNCERTAINTY IN THE INPUT PARAMETERS. 
14 
1 .o 
E .8 
8 
0 
Y 
V 4
U 
CL . 6  
CL 0 L L
0 
3 . 0  3 .4  3 . 8  4.2 4 . 6  5.0 
LOG OF CYCLES 
FIGURE 15. - SIMULATED FAILURE PROBABILITY USING A FATIGUE 
CRACK G R W H  MODEL. 
CL 0 LL 
> t 
1.0 - 
.8  - 
. 6  - 
.4 - 
.2 - 
0 I 
5 6 7 8 9 
LOG OF CYCLES 
FIGURE 16. - SIMULATED FAILURE PROBABILITY USING 
A STRENGTH REDUCTION RODEL. 
15 
National Aeronautics and 
Space Administration 
1. Report No. 
NASA TM-102091 
Report Documentation Page 
2. Government Accession No. 3. Recipient's Catalog No. 
4. Title and Subtitle 
Probabilistic Structural Analysis Methods of Hot Engine Structures 
5. Report Date 
6. Performing Organization Code 
C.C Chamis and D.A. Hopkins 
7. Author@) 
I E-4855 
8. Performing Organization Report No. 
9. Performing Organization Name and Address 
National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135-3191 
2. Sponsoring Agency Name and Address 
National Aeronautics and Space Administration 
Washington, D.C. 20546-0001 
10. Work Unit No. 
553- 13-00 
11. Contract or Grant No. 
13. Type of Report and Period Covered 
Technical Memorandum 
114. Sponsoring Agency Code 
I 
5. Supplementary Notes 
Prepared for the 34th International Gas Turbine and Aeroengine Congress and Exposition sponsored by the 
American Society of Mechanical Engineers, Toronto, Canada, June 4-8, 1989. 
6. Abstract 
Development of probabilistic structural analysis methods for hot engine structures is a major activity at Lewis 
Research Center. It consists of three program elements: (1) composite load spectra methodology, (2) probabilistic 
structural analysis methodology, and (3) probabilistic structural analysis application. Recent progress includes: 
(1) quantification of the effects of uncertainties for several variables on high pressure fuel turbopump (HPFT) tur- 
bine blade temperature, pressure, and torque of the space shuttle main engine (SSME), (2) the evaluation of the 
cumulative distribution function for various structural response variables based on assumed uncertainties in primitive 
structural variables, and (3) evaluation of the failure probability. Collectively, the results demonstrate that the 
structural durability of hot engine structural components can be effectively evaluated in a formal probabilistic/ 
reliability framework. 
Structural analysis; Finite elements; Strength degradation; 
Fracture mechanics; Failure probability; Structural 
durability; Fatigue life; Probability distributions 
Unclassified -Unlimited 
Subject Category 39 
7. Key Words (Suggested by Author@)) 
22. Price' 9. Security Classif. (of this report) 20. Security Classif. (of this page) 21. No of pages 
Unclassified Unclassified I A03 
*For sale by the National Technical Information Service, Springfield, Virginia 221 61 NASA FORM 1626 OCT 86 
